Abstract: This work investigates the feasibility of detecting close, detached, black hole-red dwarf binaries, which are expected to be evolutionary precursors of low-mass X-ray binaries (LMXBs). Although this pre-low-mass X-ray binary (pre-LMXB) phase of evolution is predicted theoretically, as yet no such systems have been identified observationally. The calculations presented here suggest that the X-ray luminosity of black hole wind accretion in a pre-LMXB system could exceed the intrinsic X-ray luminosity of the red dwarf secondary star, thereby providing a detection mechanism. However, there is significant uncertainty regarding the efficiency of the conversion of gravitational potential energy to X-ray luminosity resulting from accretion onto a black hole, for example energy may be lost via advection across the event horizon. Still, sources with X-ray luminosities greater than that expected for a red dwarf star, but whose positions coincide with that of a red dwarf would represent candidate pre-LMXB systems. These candidates should be surveyed for the radial velocity shifts that would occur as a result of the orbital motion of a red dwarf star within a close binary system containing a black hole.
Introduction
Low-mass X-ray binaries (LMXBs) are semi-detached binary systems in which a neutron star or black hole is accreting matter from a low-mass companion that fills its Roche lobe. There are a number of evolutionary paths by which LMXBs may form (see for example [1] [2] [3] [4] ). The most popular scenario starts with a relatively wide binary system consisting of a high-mass primary star and a low-mass secondary star. If when the more massive star, the progenitor of the neutron star or black hole, evolves into its giant phase it fills its Roche lobe, then mass transfer occurs from the giant onto the low-mass secondary star. Subsequently, the secondary star may also fill its Roche lobe and the entire system then becomes engulfed by a common envelope. Frictional dissipation of the orbital energy to the common envelope results in the spiralling together of the core of the primary star and the low-mass secondary star and the ejection of the common envelope from the system. Provided that the common envelope is ejected prior to the secondary star coalescing with the core of the primary star then a close binary forms. Having reached a close, detached, state the orbital separation of the two binary components is then further reduced as a result of angular momentum loss owing to magnetic braking and/or gravitational radiation. The transition into a true LMXB occurs once the secondary star fills its Roche lobe, as a result of either the orbital separation having been further reduced by angular momentum loss or through stellar expansion of the secondary star driven by its nuclear evolution. Mass transfer is then initiated and material flows through the L 1 point and is accreted onto the neutron star or black hole.
Bleach [5] considered that a close, detached, neutron star-red dwarf evolutionary phase (or pre-LMXB(NS) phase), is, or at least can be, incorporated into all of the generally accepted formation channels for LMXBs containing a neutron star. This detached evolutionary phase would correspond to the close, detached, binary systems classed precataclysmic variables (pre-CVs) that consist of a white dwarf, or white dwarf precursor, primary star and a late-type, low-mass, main-sequence secondary star and that evolve via angular momentum loss processes into semi-detached CV systems (see e.g. [6] ).
Considering the expected occurrence of a pre-LMXB(NS) phase of evolution, Bleach [5] proposed a possible detection mechanism for such systems. The difficulty in the detection of pre-LMXB(NS) systems is that, unlike the compact white dwarfs in pre-CVs, neutron stars fail to emit any observable intrinsic radiation. The presence of the neutron star could be detected by the radial velocity shifts exhibited by the red dwarf owing to its orbit around this compact object. However, because of the overwhelming numbers of these low-mass stars it is unfeasible to simply undertake a radial velocity survey of these objects. A further mechanism is therefore needed to identify candidate systems, which could then be surveyed for radial velocity shifts.
The approach of Bleach [5] was to identify candidate systems from their X-ray emission. The origin of the X-rays would be the accretion of the red dwarf stellar wind by the neutron star. The red dwarf would already have intrinsic X-ray emission, however if the wind-accretion process had an X-ray luminosity that exceeded that of the most X-ray luminous red dwarfs, we have an identification mechanism. Given this situation, of accretion luminosity exceeding intrinsic, we would need to locate in the literature sources with X-ray luminosities greater that that expected for a red dwarf star, but the positions of which coincide with that of a red dwarf star. Candidate systems could then be surveyed for the radial velocity shifts that, if detected, would give very strong evidence for a red dwarf orbiting around a compact companion.
Bleach [5] concluded that based on a basic wind accretion model the detection of preLMXBs via neutron star accretion of a red dwarf stellar wind is feasible, albeit within the confines of a set of reasonable conditions.
Willems & Kolb [7] subsequently examined the detection probability of pre-LMXB(NS) systems according to the detection mechanism proposed by Bleach [5] in the context of a binary population synthesis study. Their calculations suggest that pre-LMXB(NS) systems may provide a non-negligible contribution to the population of discrete lowluminosity X-ray sources in the Galaxy (although uncertainties remain over the ability of neutron stars to undergo surface accretion due to the propeller effect [8, 9] ).
This present work extends that of Bleach [5] by investigating the feasibility of detecting pre-LMXBs containing a black hole (pre-LMXB(BH) systems) via the same detection mechanism as previously applied to pre-LMXB(NS) systems. Pre-LMXB(BH) systems can again be expected to form via the standard LMXB evolutionary paths, e.g. via that described above. The black hole, like the neutron star, does not emit any intrinsic radiation, and the proposed detection mechanism is again applicable and worth investigation.
Feasibility of the wind accretion detection mechanism
This section presents an initial investigation into the feasibility of black hole accretion of a red dwarf star stellar wind as a detection mechanism for pre-LMXB(BH) systems. Specifically I have to investigate whether the X-ray luminosity of the wind accretion process will exceed the intrinsic X-ray luminosity of the companion red dwarf star, and therefore provide a means of detection. The calculation of intrinsic X-ray luminosity is described in Section 2.1 and the wind accretion model is described, and numerical results are both presented and discussed, in Section 2.2.
X-ray luminosity of single red dwarfs
Willems & Kolb [7] calculated an upper limit for the intrinsic stellar X-ray luminosity of the secondary star in pre-LMXB(NS) systems by considering that the upper limit is related to the finite size of the stellar surface, i.e. magnetic activity can only increase with increasing rotational angular velocities until the whole stellar surface is covered in magnetically active regions. The upper limit for the coronal X-ray luminosity, L Xcor , can then be derived following [10] :
where R d is the stellar radius, and both L Xcor and R d are expressed in solar units. For a given secondary star mass, the stellar radius was calculated assuming a main-sequence mass-radius relationship of the form:
where R 2 and M 2 are the radius and mass of the secondary star, and the values of C and α were taken as 0.9 and 0.8 respectively, following [11] . [12] (following e.g. [13, 14] ):
where:Ṁ acc = mass accretion rate; G = constant of gravitation; M bh = mass of the black hole;Ṁ wind = wind mass loss rate; A = orbital separation; and V r = relative velocity of the black hole and the wind. I set the wind velocity, V w , proportional to the escape velocity from the surface of the red dwarf:
Where: β w = 0.5 [15] ; and other parameters as defined previously. The X-ray luminosity arising from the potential energy release in the accretion process, L Xacc , is given by:
Where: R bh denotes the radius at which the accretion onto the black hole takes place, and is defined as three Schwarzschild radii following e.g. [16] [17] [18] ; gives the conversion efficiency of gravitational potential energy to radiation associated with disc accretion onto a black hole, and is taken to be 0.5 following [16, 17] ; η converts the bolometric accretion luminosity to an X-ray luminosity in a specific energy range, and is taken to be 0.8 for a representative range of 0.3 -7 keV following [17] ; and other parameters as for Equation 3 . The next step was to identify suitable values for the remaining parameters in these accretion rate and luminosity calculations. I adopt a constant red dwarf wind mass-loss rate of 10 −13 M yr −1 (see [5, 7] and references therein). I will consider systems containing black holes with masses of 5 M , i.e. somewhat larger than the canonical maximum neutron star mass value of 3M , and 10 M , which is the most probable mass of a single black hole (see e.g. [18] and references therein). Systems are considered with either an Mdwarf secondary star or a K-dwarf secondary star (dwarf stars in this spectral-type range have been observed in LMXBs containing a black hole, see e.g. [19, 20] ); representative masses of 0.25 M and 0.8 M are then adopted for these stars respectively. I have defined pre-LMXB(BH) systems as close, detached, binary systems, as such I will consider values of 5 R and 10 R for the orbital separation. To confirm all the system configurations are detached I calculated, following [21] , the Roche lobe radius of the secondary star for all combinations of the above system parameters, and, by comparing to the secondary star radius calculated using Equation 2, in all cases the secondary star was found to lie inside its Roche lobe.
Numerical results and discussion
The accretion rates and luminosities resulting from the range of orbital separations and differing black hole and red dwarf masses considered are presented in Table 1 . In all the system configurations studied the X-ray luminosity of the black hole wind accretion process exceeds the upper limit for the X-ray luminosity of the red dwarf star (calculated in Section 2.1) by a factor of ten, a reasonable limit for detectability. Taking the most likely black hole mass of 10 M , the accretion model suggests that systems could fulfil the detection criteria out to orbital separations of ∼ 25 R for a K dwarf secondary star and ∼ 100 R for an M dwarf. The initial part of this work then indicates that taking a basic accretion model, with a reasonable set of parameters (either proposed here or taken from previously published literature), it should be possible to detect pre-LMXB systems containing a black hole through the X-ray emission arising from the black hole accretion of the red dwarf stellar wind. The initial identification of candidate pre-LMXBs is then the same for systems containing either a neutron star or black hole; the nature of the compact object in candidate systems can then be ascertained by constraining its mass, in particular whether its lowermass limit exceeds the maximum mass for a neutron star.
Black hole accretion: efficiency considerations

Test case: A0620-00
The binary system A0620-00 is a soft X-ray transient containing a black hole accretor (a BH SXT); SXTs are a subclass of LMXBs that are characterised by brief outbursts during which their X-ray luminosity increases from quiescent level by many orders of magnitude. These outbursts are likely to be caused by an instability of the accretion disk (see [20, 22] and references therein). Almost all LMXBs with black holes are transients [23, 24] . It can be expected that A0620-00 evolved through a detached pre-LMXB(BH) phase of evolution prior to undergoing the transition into its present semi-detached configuration.
I employ the equations defined previously to calculate the predicted X-ray luminosity of A0620-00 in its pre-LMXB phase of evolution. Values of 10 M and 0.6 M are adopted for the mass of the black hole and red dwarf respectively [25] . Taking the orbital separation during the pre-LXMB phase to be 8 R (the red dwarf would then lie well within its Roche lobe even when considering an augmented radius resulting from evolution towards the terminal-age-main sequence (TAMS)), I arrive at an X-ray luminosity of ∼ 1× 10 32 ergs s −1 . This value is greater than the detection limit of ten times the expected upper X-ray luminosity of a 0.6 M K-dwarf (∼ 1.7× 10 31 ergs s −1 ) and therefore fulfils the detection criteria. However, in comparison to the value of 1× 10 32 ergs s −1 calculated from wind accretion, the quiescent X-ray luminosity of A0620-00 resulting from Roche lobe overflow (RLOF) is only ∼ 1× 10 31 ergs s −1 [20] . The X-ray luminosity arising from wind accretion is then relatively high given that the mass transfer rates in the semi-detached RLOF and detached wind mass loss configurations are 10 −10 M yr −1 [23, 26] and 10
respectively. Furthermore, in the former case the red dwarf transfers all the material toward the black hole, whereas for wind-fed systems only a fraction of the material is captured by the black hole. I should note at this point, however, that when applying the Bondi-Hoyle accretion rate to binary systems we may be significantly oversimplifying the accretion process; in fact the accretion rate may be ten times smaller than that predicted by the Bondi-Hoyle prescription (see [5] and references therein). This would result in an X-ray luminosity arising from black hole wind accretion in the pre-LMXB phase that is comparable to that observed in SXT quiescence, however this luminosity is still relatively high given the considerations raised above regarding mass transfer/capture rates. The answer may lie with the exotic nature of black holes and in particular the presence of an event horizon (see Section 3.2). It is also significant that at 10% efficiency, the X-ray luminosity of A0620-00 during its pre-LMXB phase drops below the detection threshold of ten times the upper limit of the red dwarf X-ray luminosity, as in fact would half of the system configurations in Table 1. 3.2 Efficiency of the conversion of gravitational potential energy to X-ray luminosity
The relationship between mass transfer rate and quiescent X-ray luminosity observed in A0620-00 is not unique; Tomsick et al. [27] report that observations of BH SXTs reveal a median quiescent X-ray luminosity of 2× 10 31 ergs s −1 , with mass transfer rates in such systems typically ∼ 10 −10 M yr −1 (e.g. [23] ).
A suggested explanation for the low observed quiescent X-ray luminosities of BH SXTs is provided by an advection dominated accretion flow (ADAF) model [28] (see also [29, 30] for reviews). In the ADAF model most of the gravitational energy of the inflowing matter is stored as thermal and/or bulk kinetic energy that is advected towards the black hole; this advected energy is then ultimately lost once it crosses the black hole's event horizon.
The quiescent X-ray luminosities of BH SXTs are significantly lower than those of SXTs containing neutron star accretors (NS SXTs) (roughly by a factor of 100; see [31] and references therein; and [32] [33] [34] ). Such a difference in luminosity is natural if quiescent accretion in both systems proceeds via a radiatively inefficient ADAF. In contrast to black holes, neutron stars have a solid stellar surface, therefore the energy advected inward is eventually reradiated once it reaches and impacts upon this surface. For the same masstransfer rate the neutron star's accretion efficiency is then much higher than that of a black hole and thus quiescent BH SXTs should be less luminous than those containing neutron stars, as observed. It is therefore important to consider the impact of the low efficiency of advection-dominated flows when estimating the X-ray luminosity of accreting black holes.
An alternative explanation for the low observed quiescent X-ray luminosities of BH SXTs is if outflows or jets transport the accretion energy out of the system (see [27] and references therein). The difference between NS SXTs and BH SXTs is then simply explained by the jet removing most of the liberated gravitational potential energy in the quiescent BH SXTs, but not in the NS SXTs [35] .
If processes that have been proposed for BH SXTs are also applicable to pre-LMXB(BH) systems, e.g. if energy is lost as a result of being advected across the black hole's event horizon, then the basic accretion model presented in Section 2.2.1 will significantly overestimate the efficiency of the conversion of gravitational potential energy to X-ray luminosity during the accretion process. Under such circumstances the detection mechanism being investigated in this work is likely to fail. For example: the bolometric radiative efficiency of the ADAF model can be 10 −3 with an X-ray radiative efficiency a couple of orders of magnitude lower [20, 36] ; Agol & Kamionkowski [37] investigated the X-ray luminosity of isolated black holes accreting from the interstellar medium and assumed a value of 10 −5 for the efficiency of converting the Bondi-Hoyle accretion rate into an observable X-ray luminosity.
To better understand the conversion of accretion rate into X-ray luminosity requires a detailed model for the accretion flow, which is beyond the scope of this present work. It would also be interesting to investigate the occurrence in pre-LMXB(BH) systems of both instabilities in the accretion disc leading to outbursts and radio emission arising from jets -and the subsequent impact of outbursts/jets on the detection of these systems.
Conclusions
This work suggests that the detection of pre-LMXBs via black hole accretion of a red dwarf stellar wind may be feasible, with calculations indicating that the X-ray luminosity arising from black hole wind accretion could exceed the intrinsic X-ray luminosity of the red dwarf secondary star. However, the efficiency of the conversion of gravitational potential energy to X-ray luminosity in accreting black holes is subject to significant uncertainty and may not be sufficient to fulfil the detection criteria. For example, as proposed for accreting black holes located in BH SXTs in quiescence, energy may be lost via advection across the event horizon. Still, sources with X-ray luminosities greater than that expected for a red dwarf star, but whose positions coincide with that of a red dwarf are then candidate pre-LMXB systems. These candidates should be surveyed for the radial velocity shifts that would occur as a result of the orbital motion of a red dwarf star within a close binary system containing a black hole.
